, a decrease in cell migration speed 7, 12 and reduced cell spreading efficiency 10 . Interestingly, this decrease in migration speed was not observed in ARPC3 −/− fibroblasts (which are missing the ARP2/3 complex) but instead the motility directionality was severely decreased, indicating that various cells can also respond differently to the perturbation of their actin networks 11 . As another example, expression of constitutively active formin constructs in budding yeast increases actin cable number and causes defects in polarized cell growth 13, 14 . How does the cell generate diverse F-actin networks of proper functional sizes within a common cytoplasm? It has been largely accepted that the amount of actin assembly is regulated primarily by the activation of actin assembly factors via signalling cascades, such as those involving RHO GTPases (FIG. 2) . Here, we offer an updated model, in which the free cytoplasmic G-actin content is limited and therefore becomes depleted as cytoskeletal networks grow, thereby limiting the size and density of other (competing) F-actin networks. The release of G-actin through network disassembly is thus critical for promoting the subsequent growth of other coexisting networks and for the assembly of new networks. We propose that F-actin networks exist in collective homeostasis, whereby their size is controlled, at least in part, through this competition. Traditionally, actin homeostasis has referred to the general ratio of G-actin to F-actin 2 , without taking into account that F-actin is distributed between distinct networks with different functions. The regulation of diverse actin networks through competition for G-actin has received little attention, but a substantial amount of recent experimental data indicates that competition is in fact an important additional regulator of actin cytoskeletal network size, thereby supporting our model.
Classic view of actin turnover
Here, we define F-actin network size as the number of actin subunits a network contains. A network's size is determined by the cumulative difference between the amount of incorporation and dissociation of G-actin, which in turn is controlled by the regulation The size and density of F-actin networks seem to be critical for their proper function. For example, fission yeast contains three major F-actin networks, each composed of F-actin generated by a specific actin assembly factor (FIG. 1B) . Endocytic actin patches require the Arp2/3 complex, whereas the formins Cdc12 and formin 3 (For3) assemble F-actin for the cytokinetic contractile ring and polarizing actin cables 1 . The amount of actin incorporated into endocytic patches and the contractile ring is remarkably consistent from network to network and from cell to cell, varying less than 50% between each structure 3, 4 . Furthermore, experimental manipulation of the size of actin networks typically correlates with functional defects. For example, depletion of the formin mDIA2 (also known as DIAPH3) causes a 20% decrease of F-actin in the contractile ring of fibroblasts, which is coupled with cytokinesis defects 5 . Localized inhibition of Arp2/3 complex induces a change in direction of cell motility in fish keratocytes 6 , and general disruption of the ARP2/3 complex in fibroblasts coincides with the disappearance of O P I N I O N of actin assembly factors through signalling pathways (FIG. 2) . F-actin polymerization occurs principally by the addition of ATP-bound G-actin to the dynamic barbed end rather than to the slow-growing pointed end 15 . Upon barbed-end subunit addition, ATP is hydrolysed rapidly (half-life: ~2 seconds) to become ADP and inorganic phosphate (P i ) 16 . A slower release of P i follows (half-life: ~6 minutes), resulting in ADP-F-actin 15 . F-actin elongates, and the network expands through the addition of more ATP-bound G-actin onto the free barbed ends (FIG. 2) ; 'older' ADP-bound F-actin networks are disassembled by severing and depolymerization (FIG. 2) . These aspects are described further in BOX 1.
The initiation of F-actin network assembly is primarily controlled by signalling be involved in actin nucleator activation. For example, RAC1 and CDC42 release the inhibition of the ARP2/3 complex activators WAVE (also known as WASF) and WiskottAldrich syndrome protein (WASP) 21, [25] [26] [27] (FIG . 2) . Conversely, RHOA releases autoinhibition of some formins, such as mDIA1 (also known as DIAPH1) 24, 28, 29 (FIG. 2) .
It must be noted that the role of signalling pathways in actin assembly regulation is much more complicated than described here -it can be highly context-dependent, and a considerable amount of crosstalk among different pathways can occur. For example, CDC42 can activate both the ARP2/3 complex and formin-like 1 (FMNL1) in macrophages, and RAC1 may activate both WAVE and Dictyostelium discoideum formin dDia2 (also known as ForH) 30, 31 . pathways, and in the classical view it is believed that signalling principally regulates actin cytoskeleton organization by promoting polymerization within defined networks. Signals initiate from external stimuli, such as cell-cell junctions and chemical cues (FIG. 2) , or internal stimuli, such as the activation of formin-mediated F-actin assembly by mictrotubules [17] [18] [19] [20] . Because the main actin assembly factors -the ARP2/3 complex and the formins -are normally inhibited and therefore intrinsically inactive, unwanted F-actin assembly is prevented (FIG. 2) . Only on localized activation mediated by small RHO GTPases do these proteins engage in actin polymerization, and this controls spatial and temporal F-actin network assembly [21] [22] [23] [24] ( FIG. 2) . Three well-studied RHO GTPases (RAC1, CDC42 and RHOA) are known to Nature Reviews | Molecular Cell Biology 
Competition for the G-actin pool
In addition to signalling, other factors and mechanisms can potentially contribute to the regulation of actin polymerization within networks and can affect the distribution of actin between them. As the total amount of actin synthesized in a given cell is believed to remain constant 32 , it is possible that coexisting F-actin networks are engaged in a competitive crosstalk whereby they compete for a limiting pool of G-actin. Although some data suggest that G-actin is not limiting (discussed below), there is a growing body of evidence that internetwork competition for G-actin is important. We therefore further propose a new model of the regulation of cellular F-actin networks, in which -in addition to signalling-based actin regulators -competition between homeostatic F-actin networks for a limited amount of G-actin is critical for regulating network size and density 33 . of older networks to regenerate the G-actin pool. For example, the size of the G-actin pool has been shown to be important for multiple actin-based processes, such as the migration of PtK 2 cells and the in vitro reconstituted motility of the bacterium Listeria monocytogenes 36, 37 . The concentration of G-actin is crucial for F-actin network assembly, as the nucleation rate of assembly factors, such as the ARP2/3 complex and the formins, is enhanced with an increase in the concentration of free G-actin 29, 38 . Furthermore, an experimental increase of G-actin concentration induces ARP2/3 complexand formin-mediated actin assembly in fission yeast and fibroblasts, resulting in a twofold increase of ARP2/3 complexmediated actin patches and a fivefold increase in processive formin-mDIA1 molecules, respectively 33, [39] [40] [41] .
Basic concept of internetwork competition.
The concept that a limiting number of building blocks contributes to the regulation of the size and density of organelles, such as centrosomes, flagella and mitotic and meiotic spindles is well documented and has been the subject of several recent reviews 34, 35 . In these examples, the limited availability of components typically restricts the size or density of a specific organelle or structure (such as a mitotic spindle or the nucleus). A limited actin pool represents a more sophisticated mechanism of size regulation, as functionally diverse networks with different architectures compete for the same resource.
In addition to the classic signallingbased hypothesis of actin turnover (FIG. 2) , we propose a modified model including competition for G-actin that posits that generation of new F-actin networks also depends on the disassembly RHO GTPases activate actin assembly factors directly, with RHOA·GTP directly relieving autoinhibition of formins, or indirectly, through nucleation-promoting factors like Wiskott-Aldrich syndrome protein (WASP), which activates the actin-related protein 2/3 (ARP2/3) complex following its own activation, which is induced by CDC42·GTP binding. Actin assembly factors then facilitate the nucleation and/or elongation of G-actin into branched (ARP2/3 complex) or linear (formins) actin filaments. A reserve of unassembled actin is maintained by proteins that prevent nucleation (profilin) or nucleation and elongation (thymosin β4). F-actin networks 'age' through ATP hydrolysis to ADP on actin monomers incorporated into the filament, which leads to filament disassembly. Disassembly of filaments is also facilitated by a suite of severing and depolymerizing factors, and this depolymerization collectively replenishes the pool of G-actin. ADF, actin-depolymerizing family; AIP1, actin-interacting protein 1; CA, acidic domain; CAP, adenylyl cyclaseassociated protein (also known as SRV2); DAD, Diaphanous autoregulatory domain; DID, DAD-interacting domain; FH, formin homology; GBD, GTPase-binding domain; PP, polyproline domain; V, WH2 domain. If homeostatic F-actin networks compete for G-actin, a simple prediction is that the disruption of one network will increase the amount of G-actin consumed by the remaining networks (FIG. 3a,b) . A systematic test of competition among F-actin networks has recently been performed in fission yeast 33 . However, there are numerous other examples published over the past 20 years that indicate that modification of the amount of F-actin in one type of network has an effect on the size and density of other networks, suggesting competitive crosstalk between the networks. These examples are briefly described below.
Experimental evidence for competition.
Modification of actin incorporation into dendritic networks generated by the ARP2/3 complex directly influences actin incorporation into linear networks generated endocytic patches 13 . Notably, the aforementioned studies have been performed with a large range of fluorescent F-actin labels (including Lifeact, phalloidin, calponin homology domain, antibodies and actin fused with fluorescent proteins), excluding the possibility that the reported phenotypes are simply unintended artefacts caused by F-actin biomakers 46 . F-actin network homeostasis is also important in multicellular systems, and the inhibition of ARP2/3 complexmediated networks often leads to an increase in the density of formin-and/or Ena/VASP-mediated structures, such as filopodia (FIG. 3d,e) . For example, depletion or inactivation of the ARP2/3 complex in fibroblasts results in the disappearance of lamellipodia and an increase in filopodia formation, probably by incorporation of the released pool of G-actin by formins by formins and Ena/VASP. As shown in yeast, pharmacological depletion of Arp2/3 complex-mediated endocytic actin patches causes a 20-fold increase in actin assembled into formin-associated actin cables and contractile rings 33, 42, 43 (FIG. 3c) . Conversely, increasing endocytic actin patch number by overexpressing the Arp2/3 complex activator Las17 decreases formin-mediated actin cables by 40% 13 . Similarly, modification of formin-mediated actin assembly affects Arp2/3 complex-mediated networks. The inhibition of formins and the disappearance of their associated networks (contractile ring and polarizing actin cables) increases the consumption of actin by Arp2/3 complexmediated actin patches by 50% 33, 44, 45 (FIG. 3c) .
Overexpressing constitutively active formin stimulates the excessive formation of formin-mediated cables, coupled with a 35% decrease in Arp2/3 complex-mediated
Box 1 | Principles of F-actin assembly and disassembly

Network assembly
Actin polymerization occurs predominantly at F-actin barbed ends. The barbed-end elongation rate, k on G, is proportional to the monomer concentration (G, in μM), where k on is the actin assembly rate constant and is equal to 11.6 μM −1 s −1 (REF. 15 ). The concentration of G-actin not incorporated into F-actin varies broadly in different cell types, from less than 25 μM in budding yeast and fission yeast to more than 100 μM in higher eukaryotes 15, 33, 39, 110 . In addition, several G-actin-binding proteins can have a large impact on the fraction of polymerizable monomers, thereby regulating G-actin availability. In vertebrate cells, thymosin β4 and profilin are present at a range of concentrations (25-500 μM for thymosin β4 and 5-100 μM for profilin) and compete for ATP-bound G-actin [111] [112] [113] [114] [115] (FIG. 2) .
Whereas thymosin β4 sequesters G-actin, inhibiting its spontaneous nucleation and its addition on filament ends 113, 115, 116 , profilin-bound G-actin constitutes the major pool of polymerizable actin 117 . Profilin inhibits both the spontaneous nucleation of new filaments and the addition of G-actin into F-actin pointed ends 118 , but G-actin bound to profilin incorporates onto pre-existing F-actin barbed ends at approximately the same rate as does free G-actin 118, 119 . In lower eukaryotes, thymosin β4 is absent, and therefore the majority of G-actin is bound to profilin.
Above the critical concentration, at which the concentration of G-actin is in equilibrium with that of F-actin, filament elongation persists until the barbed end is capped, preventing further addition or loss of actin subunits. Capping protein is the major player in this process and binds tightly to F-actin barbed ends (K d ~0.1 nM) 77 . The actin-related protein 2/3 (ARP2/3) complex is bound to the pointed end of the nucleated filament, and therefore it cannot protect the barbed ends from capping protein.
Conversely, formins and Ena/VASP (Enabled/vasodilator-stimulated phospho protein)-homology proteins associate with and protect barbed ends from capping protein [120] [121] [122] . Recent studies revealed that capping protein and formins can bind simultaneously to F-actin barbed ends in a 'decision complex', competitively increasing each other's dissociation rates at least twofold and sevenfold, respectively 80, 81 . Actin network expansion is driven by the generation of new barbed ends. New F-actin barbed ends can be generated from three different sources: de novo nucleation, severing of pre-existing filaments and uncapping of pre-existing filaments. Actin nucleation factors, such as the ARP2/3 complex, formins and WH2 domain-containing nucleators, facilitate the generation of new actin nuclei [123] [124] [125] [126] . The production of new ends by the severing of pre-existing filaments is primarily facilitated by proteins of the actin-depolymerizing factor (ADF)/cofilin family, which preferentially bind to and sever older, ADP-loaded portions of F-actin [127] [128] [129] . Finally, F-actin barbed ends previously blocked by capping protein can be uncapped by proteins such as CARMIL, which increases the dissociation rate of capping protein up to 180-fold (half-life: 10 seconds) 130 . Accordingly, the average half-time of capping protein on F-actin barbed ends in XTC fibroblasts is three orders of magnitudes shorter than that measured in vitro (approximately 1 second and 1,800 seconds, respectively) 131 .
Network disassembly
The size and density of an actin network will inevitably be affected by the disassembly of F-actin. The F-actin severing property of ADF/cofilin promotes the rapid disassembly of F-actin networks 15, 58, 132, 133 (FIG. 2) . The additional action of coronin increases the ADF/cofilin association rate with F-actin 134, 135 , whereas actin-interacting protein 1 (AIP1) and adenylyl cyclase-associated protein (CAP; also known as SRV2) increase the rate of cofilin-mediated severing 134, [136] [137] [138] (FIG. 2) .
The rate of actin dissociation from F-actin ends can also be increased, resulting in filament disassembly. The barbed-end depolymerization rate is increased ~3-fold by twinfilin, whereas, in combination with CAP, pointed-end depolymerization increases an additional 17-fold 139 . Interestingly, different F-actin networks disassemble at different rates, influencing the recycling of G-actin 140 . For example, in XTC fibroblasts, the majority of F-actin in stress fibres disassembles five times slower than in other fibres, whereas F-actin in filopodia disassembles 2.4-times slower than in lamellipodia 140 . The coordinated actions of these diverse disassembly factors allow for rapid actin disassembly, replenishing the G-actin pool for subsequent network assembly (FIG. 2) .
As the filament elongation rate is directly proportional to the concentration of polymerizable monomers, the rate that F-actin is recycled into G-actin has the potential to directly influence subsequent network assembly. Therefore, the alterations of the disassembly machinery within one network can potentially feed back to the polymerization rates and thus affect the size of this network as well as that of other coexisting F-actin networks.
Altogether, the combined action of these actin-binding proteins will control the proportion of polymerizable G-actin and of free barbed ends, as well as the regeneration rate of the G-actin pool by F-actin disassembly.
or Ena/VASP 7, 12, 47, 48 (FIG. 3d) . A similar ARP2/3 complex-inactivation phenotype has been reported in other cell types, such as Drosophila melanogaster S2, human osteosarcoma U2OS, rat adenocarcinoma MTLn3, coelomocytes and Aplysia californica neuronal growth cones [49] [50] [51] [52] [53] [54] (FIG. 3e) .
Interestingly, in A. californica neuronal growth cones, ARP2/3 complex inhibition does not increase the length of filopodia but instead increases the rate of both filopodia elongation and retrograde flow 54 . An increase In addition to the interference with distinct F-actin networks, disruption of F-actin disassembly mediated by proteins of the actin-depolymerizing factor (ADF)/ cofilin family affects the reincorporation of G-actin into different networks, most likely through interference with the proper regeneration of the G-actin pool (alternatively, ADF/cofilin is also thought to have a direct role in F-actin assembly by generating new barbed ends through severing 56, 57 ). For example, F-actin severing in G-actin concentration after ARP2/3 complex inhibition could account for this phenotype. This example suggests that competition between F-actin networks for G-actin is relevant even without changes in filament length and corresponding network size, and therefore competition for G-actin may be critical for most F-actin networks. For example, microvilli, which depend on F-actin assembled by the WH2 domain family actin assembly factor Cordon-bleu, are longer when the ARP2/3 complex is inhibited 55 . Figure 3 | Disassembly of F-actin networks releases G-actin that accumulates in remaining networks. a,b | Representative graphs illustrating our model of F-actin network homeostasis. Network sizes are simulated deterministically using coupled rate equations, and each network is distinguished by a set of parameter values. The starting values of fraction of total actin are based on estimates from fission yeast 33 . As these graphs are illustrative, time is presented in arbitrary units (a.u.). a | Model of actin reorganization on branched network disassembly. The disassembly of an actin-related protein 2/3 (ARP2/3) complex-mediated network (of branched F-actin) via genetic or small molecule inhibitor perturbation releases a pool of G-actin that is incorporated into remaining formin-and or Ena/VASP (Enabled/ vasodilator-stimulated phosphoprotein)-homology protein-mediated linear F-actin networks. Through ARP2/3 complex-mediated branched F-actin network disassembly, G-actin concentration initially increases and then is followed by a reduction owing to its incorporation in remaining F-actin networks. b | Model of actin homeostasis during cytokinetic ring assembly and disassembly. Assembly of the formin-mediated contractile ring requires a reduction in ARP2/3 complex-mediated F-actin networks (such as endocytic actin patches in fission yeast). The amount of F-actin incorporated into the ring will equal its decrease in actin patches. After ring disassembly, the level of actin consumed by actin patches is restored. In this example, the assembly of a formin-mediated contractile ring during mitosis coincides with a partial disassembly of ARP2/3 complex-mediated endocytic actin patches, necessary for the incorporation of G-actin in the formin-mediated contractile ring. by ADF/cofilin has been shown to promote the formation of migratory cell lamellipodia in mammalian cells 58, 59 . Conversely, depletion of ADF/cofilin in fission yeast prevented endocytic actin patch disassembly and contractile ring assembly 33, 60 . In these examples from yeast and animal cells, actin assembly factor activity was artificially modulated (FIG. 3c-e ). An important question is whether cells use competition to intrinsically regulate F-actin-dependent processes. It seems likely that this is the case, as the assembly of formin-mediated contractile rings during division in fission yeast correlates with a decrease in actin incorporated into ARP2/3 complex-mediated endocytic actin patches 61 . Nevertheless, further studies are needed to determine how cells use homeostasis-driven internetwork competition to regulate F-actin assembly. Additional studies are also required to determine whether other actin regulators, such as the ABP profilin 12, 39 , may also be limiting and contribute to the size regulation of competing networks.
Mediators of competition
If F-actin networks are in competition for a limited pool of G-actin, how do cells actively tune this competition to spatially and temporally favour particular networks? Activation of actin nucleators at particular times and places via distinct signalling pathways (FIG. 2) presumably plays a major part in how cells regulate competition between F-actin networks. For example, specific formin isoforms are activated during mitosis to generate the cytokinetic contractile ring 1, 62 , and these must compete with other F-actin networks for G-actin to ensure robust assembly of the ring. A major question then is how G-actin is properly distributed between F-actin networks competing for the pool of monomers. Potentially, any ABP that differentially affects competitive F-actin networks could have a role in this process and mediate the competition and its outcome. We focus below on profilin, capping protein and myosin II because of recent evidence of their participation in F-actin network competition, but we suspect that other actin regulators are also important.
Role of profilin. Recent articles highlight the major contribution of the small ABP profilin to the proper segregation of G-actin between competing networks. Profilin has long been considered to be a general actin cytoskeleton 'housekeeping' protein that helps maintain a pool of unpolymerized We propose that regulation of profilin activity and/or localization probably represents an important mechanism by which cells control the balance between ARP2/3 complex-and formin (or Ena/VASP)-mediated F-actin assembly. For example, fission yeast profilin seems to be locally concentrated at the tips of interphase cells, thereby potentially favouring For3-over Arp2/3 complex-mediated actin assembly at these sites 61 . Similarly, profilin may be more concentrated at the division site of dividing fission yeast cells, facilitating Cdc12-mediated actin assembly 61 . In fibroblasts, profilin may be enriched at the ARP2/3 complex-mediated lamellipodia 74 , where it could limit ARP2/3 complex-mediated nucleation, thereby regulating the extension of these protrusions. Most multicellular eukaryotes have multiple profilin isoforms that are expressed at different times, at varied cellular locations and in specific tissues. At the same time, these different isoforms have been differentially tailored to facilitate actin assembly for distinct F-actin networks 75, 76 . Further experiments are necessary to determine whether and how cells actively modulate profilin activity to govern F-actin network competition.
Linear versus dendritic array competition involves barbed-end capping.
Barbed-end cappers, such as capping protein, are important regulators of F-actin network size (FIG. 4) . Capping protein has a high affinity (~0.1 nM) for free F-actin barbed ends 77 , competing with formins and Ena/VASP for F-actin barbed ends 66, [78] [79] [80] [81] and promoting the formation of short-branched filaments in ARP2/3 complex-mediated F-actin networks 15 . Interestingly, deletion of capping protein in budding and fission yeast increases actin incorporation into Arp2/3 complexmediated patches by at least 35% [82] [83] [84] [85] . Capping protein localizes to ARP2/3 complexmediated actin patches, where it presumably associates with F-actin barbed ends and keeps filaments short by terminating their elongation (FIG. 4) . In the absence of barbed-end capping, the uninterrupted growth of F-actin is expected to rapidly deplete the monomer pool, presumably decreasing the availability of G-actin for formin-dependent processes. In agreement, the number of formin-mediated actin cables decreases dramatically in the absence of capping protein in fission yeast and budding yeast 82, 85, 86 . However, the function of capping protein may be more complicated and might be context dependent, as its depletion in melanoma cells and neurons decreases F-actin in ARP2/3 complex-mediated actin that is equally usable by diverse F-actin networks 2 . However, recent work revealed that, through opposing effects on competing actin assembly factors, profilin potentially constitutes a molecular switch that mediates network competition. Profilin enhances formin-mediated actin elongation up to 15-fold [63] [64] [65] (FIG. 4) and may slightly increase Ena/VASP-mediated filament elongation [66] [67] [68] . Conversely, profilin inhibits ARP2/3 complex-mediated nucleation (branch formation) 12, 39, [69] [70] [71] (FIG. 4) . Therefore, the presence of high levels of profilin favours G-actin incorporation into F-actin networks consisting of linear F-actin, such as formingenerated filaments in the contractile ring and polarizing actin cables in fission yeast or filopodial protrusions in fibroblasts made by Ena/VASP proteins 12, 39 (FIG. 4) .
Interestingly, the overexpression of profilin favours the formation of formin-mediated contractile rings, whereas the overexpression of actin favours the formation of ARP2/3 complex-mediated patches 33, 39 . These results indicate that the ratio of profilin to G-actin may govern the competition between ARP2/3 complex-and formin-mediated F-actin networks. Two non-mutually exclusive mechanisms have been proposed to contribute to the inhibition of ARP2/3 complex-mediated branch formation by profilin. First, profilin may directly compete with the ARP2/3 complex activator WASP for binding to G-actin 39, 71, 72 , although this mechanism may not explain the full extent of ARP2/3 complex inhibition 70 . Second, profilin association with F-actin barbed ends may inhibit ARP2/3 complex binding 70 and thereby ARP2/3 activity and branching at barbed ends; however, the generally accepted view is that branches are primarily formed from the side of actin filaments rather than from the barbed end 15 . In addition, phosphorylation of mouse profilin 1 at Tyr129 increases its affinity to G-actin and its ability to compete with actin-sequestering thymosin β4 for G-actin 73 , a mechanism that is expected to further contribute to the favouring of formin-over ARP2/3 complex-mediated actin assembly by profilin. At extremely high concentrations, free profilin may also compete with barbed end-binding proteins, such as capping protein, formins and Ena/ VASP 70 , thereby allowing profilin to similarly inhibit competing actin assembly factors. However, the concentrations of profilin and unassembled G-actin in most cell types are similar 15, 39 , which is why profilin probably favours formins and Ena/VASP over the ARP2/3 complex in most cells 12, 39 . lamellipodia and increases formin-and Ena/VASP-mediated filopodia number fivefold 87, 88 , contrary to what has been observed in yeast. In line with this, capping protein has been proposed to enhance ARP2/3 complex-mediated branching by steering monomers to new branch nuclei rather than to existing barbed ends 89 . It is possible that the observed differences in the role of capping protein in regulating the size of competing networks depends on whether the competing ARP2/3 complexand formin-or Ena/VASP-mediated networks are physically linked. An example of such physically linked networks is found the protein myotrophin (also known as V1) or the phospholipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ), which bind directly to capping protein and inhibit its capping activity 91 . Furthermore, localization and activity of capping protein can be influenced by association with CARMIL (also known as LRRC16A), which contains a capping protein-interaction motif 92 .
Actomyosin networks contribute to internetwork competition. The molecular motor myosin II, which associates with F-actin to form contractile actomyosin bundles such as cell stress fibres, may in the migratory protrusions of mammalian cells, in which filopodia are thought to elongate from the lamellipodia 90 . In this case, inhibition of capping protein may facilitate recruitment of Ena/VASP and formins to branched networks, which would subsequently drive actin assembly into linear networks and cause filopodia extension, thereby decreasing the pool of G-actin available for the ARP2/3 complex. Regulation of capping protein activity might therefore also be critical for balancing competitive F-actin networks. Notably, cells harbour various regulators of capping protein, including steric inhibitors, such as Figure 4 | Updated model of F-actin homeostasis including inter network competitive crosstalk. Extracellular stimuli activate RHO GTPase signalling pathways that activate formin-, actin-related protein 2/3 (ARP2/3) complexand/or Ena/VASP (Enabled/vasodilator-stimulated phosphoprotein)-homology protein-mediated F-actin networks, promoting actin assembly within these networks. These networks are in competition for G-actin from a common limited pool. Actin associated with sequestering proteins or incorporated into other networks (such as stress fibres stabilized by myosin motors) cannot participate in competition, and this has a large effect on the internetwork competition by further restricting the amount of actin available for polymerization. Profilin favours incorporation of G-actin into formin-and Ena/VASP-dependent F-actin networks by enhancing filament elongation (but at the same time inhibits formin-mediated nucleation of new filaments), while inhibiting ARP2/3 complex activation by competing with the WiskottAldrich syndrome protein (WASP) VCA domain (WASP-VCA) for G-actin binding, and tips the balance towards the formation of linear actin networks. Capping protein competes with formins and Ena/VASP for barbed ends, whereas capping protein rapidly binds free barbed ends generated by the ARP2/3 complex. Disassembly of F-actin networks replenishes the G-actin pool, allowing more-robust polymerization and growth of networks. 
G-actin sequestering
Thymosin β4
F-actin stabilization (for example, in stress fibres)
Myosin also be an important regulator of F-actin network homeostasis and thus may influence internetwork competition. A recent study uncovered a competitive relationship between ARP2/3 complex-mediated networks and actomyosin networks in epithelial cells that may help regulate the transition of epithelial cells from static cells to migratory polarized cells 93 . Inhibition of non-muscle myosin II by the small molecule inhibitor blebbistatin increases the concentration of G-actin by approximately 50% within 15 minutes; this G-actin is subsequently consumed by ARP2/3 complex-mediated networks to trigger cell polarization and motility (FIG. 4) . These observations may be relevant, as non-muscle myosin II can be activated or inhibited by phosphorylation of specific residues in both its regulatory light chain and its heavy chain 94 . In addition to its important role in force generation, myosin II may therefore be a molecular switch that controls the assembly of actin into actomyosin bundles over ARP2/3 complex-mediated lamellipodia. In addition to myosin II, another component of actomyosin bundles, tropomyosin, contributes to the competitive crosstalk between actin networks. For example, in general, tropomyosins seem to be important regulators of actin filament identity and dynamics, and they have been implicated in the inhibition of cofilin-mediating binding and severing 95 . In addition, tropomyosins have been suggested to bind preferentially to formin-over ARP2/3 complex-mediated F-actin networks 96, 97 , and microinjection of skeletal tropomyosin into PtK 1 epithelial cells has been shown to inhibit ARP2/3 complexmediated lamellipodia while promoting filopodia formation 98 .
Homeostatic control of actin
Traditionally, actin homeostasis has referred to the maintenance of a stable ratio of total F-actin to G-actin in cells 2 . The principal driving force of F-actin network formation is the signalling pathway-mediated spatial and temporal activation of actin assembly factors. However, how the signalling activates particular networks leading to their expansion while at the same time allowing the maintenance of actin homeostasis has remained elusive.
A model of homeostatic internetwork competition for G-actin. Based on recent observations from primary data discussed above, we propose here an updated view of actin homeostasis, whereby competition between coexisting actin networks for Our model of F-actin networks competing for a limited pool of G-actin postulates that the amount of actin incorporated into one network will indirectly and inversely influence the amount of actin incorporated into other networks, thereby affecting their size. However, this relationship between F-actin networks was not observed in several studies. For example, in melanoma B16-F1 cells, the induced disappearance of ARP2/3 complex-mediated lamellipodia by RNAi knockdown of WAVE or the ARP2/3 complex does not seem to modify the number of Ena/VASP-and/or formin-generated filopodia 9 . In Jurkat T cells, the inhibition of the ARP2/3 complex via the small molecule inhibitor CK-666 induces a significant decrease in formin-mediated filopodia formation 101 . In D. melanogaster BG2-c2 cells, knockdown of the ARP2/3 complex activator Scar leads to disappearance of the lamellipodia coupled with an eightfold decrease in the total F-actin concentration, suggesting that G-actin released by disassembled lamellipodia is not fully reincorporated into the remaining F-actin networks, such as filopodia 102 . Finally, in D. discoideum, depletion of the formin ForA, which generates F-actin networks at the cell cortex, is coupled with an increase in cell motility rate 103 . The authors concluded that the motility rate increase was dependent on myosin II activity, rather than on a rise of actin incorporation into ARP2/3 complexmediated networks. It is thus possible that the increase of G-actin concentration is not sufficient to incorporate into existing F-actin networks.
So, how can these observations be reconciled in light of the model we propose? It might be that internetwork competition for G-actin may not contribute to actin network regulation in all systems and/or cellular contexts, perhaps because actin is not limiting in all systems or because additional regulatory mechanisms are at play that dilute the importance of G-actin limitation. For example, in the lamellipodia of differentiated neuroblastoma cells, G-actin bound to thymosin β4 targets formin-mediated polymerization instead of the ARP2/3 complex, indicating that the ratio of G-actin to G-actin-binding proteins, including profilin and thymosin β4, is a critical buffer of changes in unpolymerized actin 104 . It is also likely that the nature (and the associated timescale in particular) of the methods used to inhibit particular actin network could have an impact on their effects on F-actin network competition and therefore the final phenotype observed. Long-term a limited G-actin pool is an additional important factor regulating the distribution of actin among these networks and thus also controlling their relative growth and size (FIGS 3, 4) . We propose that, owing to the limited G-actin availability, to support growth of defined networks, activated assembly factors require constant replenishment of G-actin, which occurs though G-actin release by the steady disassembly of other existing networks 15 . In our model, this internetwork competition for limited G-actin is critical for regulating F-actin network size and density and can be influenced by specific regulatory ABPs. Because profilin inhibits ARP2/3 complex-mediated branching while enhancing formin-mediated elongation, and formins and Ena/VASP antagonize capping protein, profilin and capping protein prevent G-actin incorporation into ARP2/3 complexmediated F-actin networks more than formin-and Ena/VASP-mediated F-actin networks 12, 39, 80, 81, [83] [84] [85] . Myosin II can stabilize and sequester actin subunits in F-actin network reserves, which upon signalling can quickly release G-actin that subsequently incorporates into ARP2/3 complex-mediated lamellipodia and trigger polarized epithelial cell motility 93, 94 . We therefore hypothesize that modulating the activity of these different ABPs by signalling pathways could serve to direct the assembly of actin into specific F-actin networks.
Alternative possibilities and validity of the proposed model. The model we propose here provides an attractive explanation of homeostatic control of F-actin networks in vivo. However, future studies are needed to better understand the principles governing the regulated distribution of actin between coexisting networks.
Traditionally, it was thought that the number of free F-actin barbed ends, not the G-actin pool, is the limiting factor for the regulation of F-actin network size and density. For example, Acanthamoeba castellanii and neutrophil extracts contain filaments that do not elongate because their barbed ends are strongly capped, and the addition of activated RHO GTPase CDC42 to these extracts triggers ARP2/3 complexmediated nucleation of new branched filaments that rapidly assemble 99, 100 . This indicates that the limitation of barbed-end availability might indeed play an important part in the regulation of network size. However, it is noteworthy that this regulatory mechanism is not in direct contradiction with our model and that both mechanisms might be at play in vivo.
perturbations, such as genetic mutants, could allow adaptations (such as changes in actin expression) over numerous generations that mask homeostatic competition. Conversely, acute perturbations, such as the use of small molecule inhibitors, will probably elicit only short-lasting homeostatic responses, which can be overlooked or misinterpreted. As an example of different phenotypes resulting from distinct perturbations, rapid small molecule inhibition of the Arp2/3 complex in fission yeast has a much stronger and evident effect on the formation of additional formin-mediated networks in comparison with Arp2/3 complex deletion in mutant cells 33 . It is also possible that some perturbations to the actin cytoskeleton are efficiently buffered, counter-balanced by additional mechanisms or cannot be easily detected owing to the nature and/or complexity of the particular redistribution event. For example, it is possible that, in some conditions, the released G-actin from inhibited ARP2/3 complex-mediated networks is redistributed to multiple formin-and Ena/VASP-mediated F-actin networks, such as focal adhesion (FIG. 1Ae) and stress fibres (FIG. 1Af) , that are not as easily quantifiable as filopodia (FIG. 1Ab-d) . Additionally, it has been reported that ARP2/3 complex-mediated F-actin network formation may be necessary to generate the barbed ends used to form filopodia 90 and can account for an observed decrease in filopodia formation on ARP2/3 complex inhibition.
Conclusions and perspectives
We have outlined here the novel idea that G-actin is a limiting resource in F-actin network assembly. We propose that, in addition to signalling pathways, internetwork competition for this limited G-actin pool regulates network size and density. We further suggest that specific ABPs, by modulating filament assembly and disassembly rates, influence the efficiency of actin incorporation into competing networks, thereby serving as mediators (or effectors) of internetwork competition. This new competitive F-actin network homeostasis model generates several challenging questions that remain to be addressed. For example, the concept of homeostasis-driven internetwork competition for G-actin has emerged based on experiments involving artificial manipulations of F-actin networks through the use of inhibitory drugs and genetic approaches (FIG. 3c-e) . Therefore, an important question is whether F-actin elongation rates mediated by the cytokinesis-specific formin CYK-1 up to six times more than in the case of equivalent formin Cdc12 from fission yeast 105 . Hence, it is possible that the impact of profilin on the competition between formins and the ARP2/3 complex in these two species differs. In addition, the particular profilin-to-actin ratio or profilin-binding affinity to actin may alter profilin's contribution to competition. It will be thus interesting to investigate how the expression levels of various ABPs contribute to actin network homeostasis.
Homeostasis-driven internetwork competition for G-actin also suggests that the expression level of actin may be critical. For example, inducing fivefold changes in actin expression dramatically tips the balance of network formation in fission yeast cells 33, 39 . Overexpressing actin favours the Arp2/3 complex, whereas lowering actin expression favours the formins, a result that seems to be largely due to altering the ratio of actin to profilin 39 . Surprisingly, these drastic variations of actin expression levels affect only the number of Arp2/3 complex endocytic patches, not their size 33 . It would be interesting to investigate how cells maintain the constant size of these structures in such differing conditions. Perhaps actin expression is carefully monitored and tightly regulated in cells so that competition for G-actin can be used to facilitate the assembly of particular F-actin networks as cells respond to changing needs. It will be important to study in more detail how cells respond to changes in actin expression, how robustly they can maintain homeostasis on changes in actin levels and whether they can actively control actin expression to regulate network competition.
Our competition model also predicts that F-actin network assembly in a cell may be perturbed on infection with bacterial pathogens, including L. monocytogenes, Shigella flexneri and Rickettsia spp., which rely on actin-mediated motility and hijack host actin to generate F-actin networks driving their own propulsion [106] [107] [108] . It will be interesting to determine whether and how these bacteria efficiently compete with host-cell F-actin networks for a limited pool of G-actin. It has been reported that L. monocytogenes cells move slower in host-cell compartments containing dense F-actin networks 109 , indicating that, indeed, in this context, competition for G-actin might be at play and that incorporation of actin into host networks locally depletes the G-actin pool, thereby restricting bacterial propulsion. competition for G-actin to favour the assembly of particular networks underlies inherent, physiological processes, such as actin cytoskeleton remodelling on the initiation or cessation of cell migration. A good model to start addressing the importance of internetwork competition in the physiological context is cytokinetic contractile ring formation during mitosis in fission yeast, in which approximately 20% of the F-actin content has to be redistributed from Arp2/3 complex-mediated endocytic patches to the formin-generated contractile ring 33, 61 . During this process, is the activation of formins by signalling sufficient to allow effective competition for G-actin with pre-existing Arp2/3 complex-mediated networks, or is a reduced amount of Arp2/3 complex activation also necessary? It will also be important to quantitatively measure how redistribution of actin to competing networks affects the loss or incorporation of ABPs into these competing networks. Do F-actin networks that expand by inhibition of competing networks incorporate more ABPs? Conversely, what happens to ABPs from inhibited networks? Finally, what are the regulatory mechanisms governing segregation of ABPs to diverse F-actin networks in cells?
Bearing in mind the important role of ABPs and their regulation for the competitive crosstalk between actin networks, it is also possible that ABPs function context-specifically and that different ABPs are required for distinct responses. In vivo and in vitro experiments have revealed that profilin favours the assembly of formin-and Ena/VASP-over ARP2/3 complex-mediated networks 12, 39 ( FIG. 4) , and cells could potentially temporally and spatially activate profilin via signalling pathways, phosphorylation and sequestration to elicit the desired changes in actin cytoskeleton organization. Furthermore, different isoforms of profilin, formin or ARP2/3 complex subunits are present in cells and may be more or less tailored for competition in different contexts. Nevertheless, it is currently not known how the cell regulates the activities of these proteins to control the size of specific networks at any given time. The next challenge will be to determine whether such regulatory mechanisms exist and how they are used to facilitate growth of particular F-actin networks.
We also predict that the contribution of ABPs to internetwork competition may be species-dependent. For example, in worms, profilin is able to stimulate An extremely interesting question is whether competition between F-actin networks provides any additional benefit for the cell compared to regulation of network density and size by signalling alone. One possibility is that competition allows for consistent F-actin elongation rates and allows cells to maintain a constant G-actin concentration without the need for unnecessary and slow changes in actin expression levels. A limited pool of G-actin also avoids having excessive F-actin assembly without requiring concomitant inhibition through signalling pathways, as assembly rates into networks will naturally decrease as the cytoplasmic G-actin concentration decreases. In addition, competition mediated by ABPs, such as profilin and thymosin β4, may be necessary to ensure that forminand Ena/VASP-mediated F-actin networks can still be generated in the presence of an excess of the ARP2/3 complex 12, 39, 104 -a scenario probably observed in most cells. Furthermore, the rapid generation of G-actin on acute disassembly of F-actin networks, such as through the inhibition of myosins or activation of ADF/cofilin, may be necessary for rapid transitions between static and motile cells 93 (FIG. 4) .
Finally, the homeostatic F-actin network competition model has significant repercussions for interpreting experiments in which actin assembly factors and/or their associated F-actin networks are disrupted using small molecule inhibitors or genetic approaches. For example, disruption of ARP2/3 complex-mediated lamellipodia leads to an increase of filopodia at the leading edge of migrating cells 7, 12, 48 . One interpretation may be that ARP2/3 complexgenerated branched actin filaments are not critical for filopodia assembly 9 . Alternatively, it is possible that the release of excess G-actin through ARP2/3 complex inhibition artificially leads to ectopic formin-and/or Ena/VASP-mediated filopodia by alternative mechanisms. Care must therefore be taken when interpreting experiments that interfere with the physiological homeostatic balance of actin, and we think that considering the possibility of the existence of the competitive crosstalk between networks can bring novel understanding of experimental data.
